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contribution of  foodstuffs  to dietary Cr(VI) has been  increasingly under  investigation, however no 17 
summary of this work has been carried out.  The objective of this article is to review the last twenty 18 
years  of  chromium  speciation  research  in  foodstuffs.  Alkaline  extraction,  used  for  chromium 19 
speciation in other solids, is the most widely‐reported procedure. Previous measurement of Cr(VI) in 20 
foodstuffs is questionable due to the reducing power of organic matter and antioxidants, leading to 21 






Chromium  (Cr)  is  a  transition metal  that exists  in  the environment  as Cr(III)  (trivalent)  and Cr(VI) 28 





























the  sources  of Cr  and  the  chemical  forms present  in  these  sources  prior  to plant uptake. Whilst 56 
mitigating the issues associated with rapid urbanisation and water scarcity, it is well documented that 57 
the  irrigation of crops with untreated domestic and  industrial effluents  results  in accumulation of 58 
heavy metals in soils (Stasinos & Zabetakis, 2013) which increases the potential for transfer into crops.  59 
Therefore, an understanding of  the chemical behaviour of Cr  in  soil‐water systems  is essential  for 60 
predicting species stability and the likelihood of transfer into foodstuffs.  61 
Chromium in water originates from natural sources such as the weathering of rocks and precipitation, 62 
with  elevated  concentrations  attributed  to  wastewater  from  industrial  sources  (Stasicka,  2000). 63 
Chromium  has  a  strong  affinity with  ultrabasic  and  basic  rocks  (peridotite,  serpentinite,  gabbro, 64 
dolerite  and  basalt),  because  some  pyroxenes  (e.g.  kosmochlor)  have  undergone  isomorphic 65 
substitution  of  Cr(III)  for  Al  (Oze,  Fendorf,  Bird,  &  Coleman,  2004).  Chromium  in  soils  typically 66 
originates from fallout and washout of Cr‐containing particles (Stasicka, 2000) through geochemical 67 
processes such as weathering, diagenetic reactions and volcanic eruptions  (Prado, Hilal, Chocobar‐68 
Ponce,  Pagano,  Rosa,  &  Prado,  2016).  Agricultural  use  of  sewage  sludge  as  a  fertiliser  can  also 69 
introduce Cr  into  soils  (Loubna, Hafidi,  Silvestre, Kallerhoff, Merlina, & Pinelli, 2015). Background 70 
concentrations of Cr in European soils are typically between 5 and 68 mg kg‐1 (Utermann, Düwel, & 71 
Nagel, 2006). Disposal of  industrial waste can  lead  to percent  levels of Cr  in soil, with  the highest 72 
concentrations  reported  in  India, East Africa,  South America and China  (Shahid,  Shamshad, Rafiq, 73 
Khalid, Bibi, Niazi, et al., 2017).  74 
Due to its presence as cationic species such as Cr3+, Cr(OH)2+ and Cr(OH)2+, Cr(III) tends to form strong 75 

















likely due to Cr(III) binding to cell walls  (A. Zayed, Lytle, Qian, & Terry, 1998),  leading to  increased 91 
concentrations of Cr  in  the  roots  (Kabata‐Pendias, 2010). Both Cr(III) and Cr(VI)  can be absorbed, 92 
although preferential uptake of Cr(VI) through sulphate carriers has been observed (Banerjee, Nayak, 93 








Kozior,  Krejpcio,  Ferreira, &  Bastos,  2014),  utilising  different  sample  preparation  techniques  and 102 
analytical methodologies. Meat, dairy products, bread and tea are the most studied as they constitute 103 
the main  sources  of  Cr  in  the  human  diet  (Lendinez,  Lorenzo,  Cabrera, &  López,  2001).  The  key 104 
objective is to assess the oral genotoxicity of Cr(VI) from foodstuffs to reduce the risk to human health 105 
from this pathway (Proctor, Otani, Finley, Paustenbach, Bland, Speizer, et al., 2002). It is likely that any 106 








The  approach  to  Cr  speciation  in  foodstuffs  can  be  broken  down  into  two  categories:  off‐line 115 
determination of Cr species following sample pre‐treatment and on‐line speciation of the pre‐treated 116 
sample using hyphenated  techniques. The pre‐treatment step  is designed to solubilise all  forms of 117 















Cr(VI)  in  high‐pH matrices  (Zhao,  Sobecky,  Zhao,  Crawford, &  Li,  2016).  The  U.S.  Environmental 129 
Protection Agency  (EPA) developed a number of extraction methods  that are  in common use;  for 130 
example (1) Method 3060A Alkaline Digestion for Hexavalent Chromium (United States Environmental 131 
Protection Agency, 1996) and (2) Method 7196A Hexavalent Chromium by Colorimetry (United States 132 
Environmental  Protection  Agency,  1992).  The  latter  is  based  on  the  reaction  of  Cr(VI)  with 133 
diphenylcarbazide (DPC) to form a Cr‐diphenylcarbazone complex which can be detected using UV‐Vis 134 













Ammonium nitrate  (NH4NO3)  (Soares, Vieira, & Bastos, 2010)  and  ammonium hydroxide  (NH4OH) 148 
(Vacchina, de la Calle, & Séby, 2015) have also been used for selective extraction of Cr(VI). Aside from 149 
alkaline extraction, solid phase extraction  (SPE) columns can be used  to selectively retain Cr(III) or 150 
Cr(VI);  this method also enables pre‐concentration of  the  retained species  for  improved detection 151 
limits (Ahmad, Murthy, & Chandra, 1990), (Narin, Kars, & Soylak, 2008). Solid phase extraction can 152 
utilize alumina columns  (Mahmoud, Yakout, Ahmed, & Osman, 2008) or nanotubes (Chen, Zhu, He, & 153 
Lu, 2014), occasionally with  a  reduction  step  to  convert Cr(VI)  to Cr(III)  for  retention on  the  SPE 154 
medium.   155 
Cloud point extraction (CPE) has recently been used by Tiwari et al. for speciation of Cr in turmeric to 156 
investigate  food adulteration  (Tiwari, Deb, & Sen, 2017). Cloud point extraction has been used  for 157 
speciation of Cr  in waters (Kiran, Kumar, Prasad, Suvardhan, Lekkala, & Janardhanam, 2008),   (Zhu, 158 
Hu, Jiang, & Li, 2005) and is considered to be a “greener” method of pre‐concentration and speciation 159 
owing  to  the use of  fewer harmful  chemicals  (Samaddar & Sen, 2014). Tiwari et al.   used diffuse 160 
reflectance‐Fourier transform infrared spectroscopy (DRS‐FTIR) to analyse Cr(VI) complexed with 1,5‐161 






















issue with  this  form of speciation  is  the underlying assumption  that all of  the Cr measured  in  the 182 
extract is in the form of Cr(VI), and that no species interconversions have taken place during and/or 183 
after the extraction procedure.  184 
Prior  to  the  development  and  implementation  of  speciated  isotope  dilution mass  spectrometry 185 


















ease  of  preparation,  with  a  few  laboratories  offering  bespoke  products  designed  for  SIDMS 204 
applications (Applied Isotope Technologies). Single‐spike isotope dilution mass spectrometry (IDMS) 205 
has also been explored, where samples are spiked with only one isotope corresponding to the species 206 








be  the only  species attracted  to  the  stationary phase of  the  column. The presence of polyatomic 213 
interferences associated with the extraction matrix, such as 40Ar12C+ and 35Cl16O1H+, can be controlled 214 




the  speciation  methodology  and  sample  preparation  procedures.  Non‐aqueous  matrix‐specific 219 
certified reference materials (CRMs) are difficult to produce due to potential species instability and 220 
interconversions during the extraction procedure (Oliveira, 2012). Commonly the accuracy of these 221 













presence of Cr(VI)  in bread. Prior to the  implementation of SIDMS, Soares et al.  investigated bread 235 
samples using alkaline extraction and ETAAS,  reporting Cr(VI) as  representing 12% of  the  total Cr 236 
concentration  (5.65 ± 5.44 µg  kg‐1  for white bread and 6.82 ± 4.88 µg  kg‐1  for wholegrain bread) 237 
(Soares, Vieira, & Bastos, 2010). Novotnik et al. repeated the experiment using SIDMS, showing that 238 
Cr(VI)  is not stable  in bread extracts and  is partially reduced to Cr(III) by organic matter within the 239 
sample, with  the  extent  of  reduction  greater  in wholegrain  bread  compared  to white  (Novotnik, 240 
Zuliani, Scancar, & Milacic, 2013). Cr(VI) values could not be reported for alkaline extracts of bread in 241 













used  alkaline  extraction  and  ETAAS  to  carry  out  Cr  speciation  in  black,  green  and  herbal  teas 253 
(Mandiwana, Panichev, & Panicheva, 2011). Cr(VI) concentrations were reported between 0.03 and 254 
3.15 µg g‐1 for black tea and 0.03 and 0.14 µg g‐1 for green tea; Cr(VI)  in herbal tea was below the 255 
detection  limit. Based on  the preparation of 200 ml of black  tea using 2.0  g  tea material,  it was 256 
determined that 17.5 µg L‐1 of Cr(VI) could be consumed per unit cup. Novotnik et al. repeated this 257 








































explore  this  possible  route  for  Cr(VI)  exposure,  with  future  speciation  methods  incorporating 296 
measurement of both Cr(III) and Cr(VI).  297 
3.0  Conclusion 298 
This  article  presented  a  review  of  the  analytical  techniques  used  to  undertake  Cr  speciation  in 299 








line  techniques,  there  is  a  risk  of  introducing  analytical  artefacts  that  could  lead  to  incorrect 308 
conclusions regarding the Cr(VI) content of complex food matrices. The only way to mitigate this issue 309 
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Foodstuff Analytical Technique Sample Preparation Analytical Merits Reference 
Milk and Dairy Products 
UHT Milk ETAAS Selective extraction using 
Chromabond NH2 column 
following precipitation of 
proteins. 
Cr(VI) concentrations in milk 
approximately 2-4 times lower 
than total Cr. Detection limit of 
0.15 µg L-1 Cr(VI). 
(Lameiras, Elisa Soares, 
Lourdes Bastos, & Ferreira, 
1998) 
Cow milk ICP-MS Selective extraction using 
Chromabond NH2 column 
following precipitation of 
proteins. 
Detection limit of 0.085 µg L-1 
Cr(VI). Reported Cr(VI) range 
of 1.31-3.28% compared to 
total Cr. 
(Ambushe, McCrindle, & 
McCrindle, 2009) 
Powdered milk formula ETAAS Reconstituted milk selectively 
extracted using Chromabond 
NH2. 
Cr(VI) detection limit of 1.8 µg 
L-1. Cr(VI) concentrations in 
commercial brands ranging 
between 10 and 75 µg kg-1. 
(Maria E. Soares, Bastos, & 
Ferreira, 2000)  
Dairy products, flour, 
chocolate, vegetables, 
fruits, meat, fish, eggs, 
beverages 
HPLC-ICP-MS Alkaline extraction using 
NH4OH (pH 11.5).  
No Cr(VI) found in any 
samples. Stability of Cr(VI) in 
cow milk investigated, organic 
matter found to induce 
reduction of Cr(VI). 
(Vacchina, de la Calle, & 
Séby, 2015) 
Fungi 
Mushrooms ETAAS Cap and stalk removed, 
sample consisted of several 
portions of either cap or stalk 
dried at 30-35°C for 3 days. 
Alkaline extraction using 0.01 
M NaOH/1.0 M NH4NO3. 
Detection limit of 0.17 µg L-1 
Cr(VI). Mushrooms accumulate 
Cr(VI), potential use as 
bioindicators for Cr(VI) soil 
pollution. 
(Figueiredo, Soares, 









Red lentils FAAS Selective extraction using 
Amberlite XAD-1180 resin. 
Detection limit of 7.7 µg L-1 
Cr(VI). Preconcentration factor 
of 75. 
(Narin, Kars, & Soylak, 2008) 
Table 1 Extraction and quantification techniques for chromium speciation in foodstuffs. Table is ordered according to foodstuff. 
Bread and Cereals 
Bread ETAAS Melting durum flour and 
Cr(III) solution to simulate 
bread toasting and investigate 
possible oxidation of Cr(III) to 
Cr(VI) during this process. 
No oxidation of Cr(III) to Cr(VI) 
occurred during simulated 
toasting procedure. 
(Kovács, Béni, Karosi, Sógor, 
& Posta, 2007) 
Bread ETAAS Small portions dried at 30-
35°C for 1 hour, 
approximately 10 g ground in 
agate mortar by hand. 
Alkaline extraction using 0.01 
M NaOH/1.0 M NH4NO3. 
On average, 12% of total Cr in 
bread is Cr(VI). Estimated 
average daily intake of 0.57 
µg/day and 0.69 µg/day for 
white and whole bread 
respectively. 
 
(Maria Elisa Soares, Vieira, & 
Bastos, 2010) 
Bread, breakfast cereals HR-CS AAS Alkaline extraction using 0.1 
M Na2CO3. 
Between 33-73% of total Cr in 
bread found to be Cr(VI). 
Demonstrated oxidation of 
Cr(III) to Cr(VI) during toasting. 
Daily consumption of cereal 
and bread does not exceed 
EPA maximum acceptable 
concentration of 0.003 mg kg-1 
bw day-1. 
(Mathebula, Mandiwana, & 
Panichev, 2017) 
Beverages 
Tea leaves, bread SIDMS Tea samples: alkaline 
extraction using 0.1 M 
Na2CO3. Double spiking using 
50Cr(VI) and 53Cr(III) to 
monitor species 
interconversions. 
Bread samples: alkaline 
extraction using 0.01 M 
NaOH/1.0 M NH4NO3, double 
spiking. 
No Cr(VI) detected in any 
extracts. No evidence of Cr(III) 
oxidation during sample 
preparation, evidence of Cr(VI) 
reduction in tea due to 
antioxidants and in bread due 
to high organic matter 
content. Emphasising 
requirement of speciation 
analysis. 
(Novotnik, Zuliani, Scancar, 
& Milacic, 2013) 
Black, green and herbal 
teas 
ETAAS Alkaline extraction using 0.1 
M Na2CO3. 
Up to 17.5 µg L-1 Cr(VI) could 
be consumed per 200 ml cup 
of black tea. 
(Mandiwana, Panichev, & 
Panicheva, 2011) 
Tea leaves, tea infusions ICP-MS Selective solid phase 
extraction of Cr(III) using 
titanium dioxide nanotubes 
(TDNTs). 
Cr(III) retained in pH range 5.0-
8.0, Cr(VI) remains in solution. 
Detection limit of 0.0075 µg L-1 
Cr(III).  
(Chen, Zhu, He, & Lu, 2014) 
Neem tea infusions SIDMS Alkaline extraction using 0.1 
M Na2CO3/0.1 M MgCl2 to 
induce precipitation of Cr(III). 
Double spiking using 50Cr(VI) 
and 53Cr(III) to monitor 
species interconversions. 
Cr(VI) reduced by antioxidants, 
below LOD (0.06 µg L-1). 
(Novotnik, Zuliani, Ščančar, 
& Milačič, 2015) 
Lager beer ETAAS Selective extraction using 
Chromabond NH2 column 
following precipitation of 
proteins. 
Cr(VI) only detected in pale 
lager and low alcohol lager, 
estimated daily intake of 0.47 
µg/day and 1.26 µg/day 
respectively. 
(Vieira, Soares, Kozior, 
Krejpcio, Ferreira, & Bastos, 
2014) 
Miscellaneous 
Tobacco, eggplant Activated carbon from tea-
industry waste (TIWAC), FAAS 
Extraction of Cr(III) using 
TIWAC, determination using 
FAAS 
Detection limit for Cr(III) of 
0.27 µg L-1. Preconcentration 
factor of 50 when using sample 
volume of 200 ml. 
(Duran, Ozdes, Gundogdu, 
Imamoglu, & Senturk, 2011) 
Vinegar Catalytic adsorptive stripping 
voltammetry 
Reduction of Cr(VI) at 
electrode surface to Cr(III), 
complexation with rubeanic 
acid, voltammetric response 
measured. 
Detection limit of 0.002 µg L-1.  (Abbasi & Bahiraei, 2012) 
Edible animal oils (cattle, 
fish) 
HPLC-ICP-MS Microwave extraction with 
0.4% v/v HF and 2% Triton X-
100 in HPLC mobile phase (0.5 
mmol L-1 TBAP and 0.3 mmol 
Detection limit of 0.045 µg L-1 
for Cr(III) and 0.052 µg L-1 for 
Cr(VI). No Cr(VI) detected in 
any samples, unidentified peak 
observed during 
(Lin, Jiang, Sahayam, & 
Huang, 2016) 
L-1 EDTA in 1% methanol 
adjusted to pH 6.9).  
chromatographic separation. 
Spike recoveries suggest 
reduction of Cr(VI) to Cr(III) in 
oil matrix. 




Complexation of Cr(VI) with 
1,5-diphenylcarbazide, 
enrichment of complex using 
CPE, analysis of complex using 
DRS-FTIR. 
Detection limit for Cr(VI) of 
1.22 mg L-1. Between 3.31 and 
5.41 mg L-1 Cr(VI) found in 
turmeric samples. 






Salix arctica (Salicaceae)) 
ETAAS Alkaline extraction using 0.1 
M Na2CO3. 
Cr(VI) stable in extraction 
matrix for up to 6 months. Less 
than 10% of total Cr in samples 
found to be Cr(VI). 
(Panichev, Mandiwana, 
Kataeva, & Siebert, 2005) 
Fish, white cheese, cow 
meat, black tea, boiled 
wheat 
FAAS Coprecipitation of Cr(III) using 
Ni2+/2-Nitroso-1-naphthol-4-
sulfonic acid, subtraction of 
total Cr and Cr(III) to 
determine Cr(VI). 
Detection limit for Cr(III) of 
1.33 µg L-1. 
(Uluozlu, Tuzen, & Soylak, 
2009) 
Apple, parsley, wheat, 
marrow, quince 
FAAS Selective extraction of Cr(III) 
using synthesised chelating 
resin. 
Detection limit of 1.11 µg L-1. 
Cr(VI) concentrations in 
foodstuffs investigated were 
below detection limit. 
(Çimen, Tokalio lu, erife, 






Foodstuff Reported Cr(VI) Reference 
Milk and Dairy Products 
UHT Milk 0.15-1.20 µg L-1 (Lameiras, Elisa Soares, 
Lourdes Bastos, & Ferreira, 
1998) 
Cow milk 0.61-1.44 µg L-1 (Ambushe, McCrindle, & 
McCrindle, 2009) 
Powdered milk formula <10-75 µg kg-1 (Maria E. Soares, Bastos, & 
Ferreira, 2000)  
Dairy products, flour, 
chocolate, vegetables, 
fruits, meat, fish, eggs, 
beverages 
Below detection limit (Vacchina, de la Calle, & 
Séby, 2015) 
Fungi 
Mushrooms <0.0085-0.580 mg kg-1 in cap, 
<0.0085-0.813 mg kg-1 in stalk 
(Figueiredo, Soares, 
Baptista, Castro, & Bastos, 
2007) 
Pulses 
Red lentils Below detection limit (Narin, Kars, & Soylak, 2008) 
Bread and Cereals 
Bread Below detection limit (Kovács, Béni, Karosi, Sógor, 
& Posta, 2007) 
Bread <5.60-18.80 µg kg-1 in white 
bread, <5.60-19.70 µg kg-1 in 
whole bread 
(Maria Elisa Soares, Vieira, & 
Bastos, 2010) 
Bread, breakfast cereals 19.25-63.86 µg kg-1, 41.0-
470.4 µg kg-1 in breakfast 
cereal 
(Mathebula, Mandiwana, & 
Panichev, 2017) 
Beverages 
Tea leaves, bread Below detection limit (Novotnik, Zuliani, Scancar, 
& Milacic, 2013) 
Table 2 Reported Cr(VI) concentrations in foodstuffs 
Black, green and herbal 
teas 
0.03-3.15 mg kg-1 total, 0.025-
1.75 mg kg-1 water soluble 
(Mandiwana, Panichev, & 
Panicheva, 2011) 
Tea leaves, tea infusions 3.39-4.41 µg L-1 (Chen, Zhu, He, & Lu, 2014) 
Neem tea infusions Below detection limit (Novotnik, Zuliani, Ščančar, 
& Milačič, 2015) 
Lager beer <1.61-13.0 µg L-1 (Vieira, Soares, Kozior, 
Krejpcio, Ferreira, & Bastos, 
2014) 
Miscellaneous 
Tobacco, eggplant Below detection limit (Duran, Ozdes, Gundogdu, 
Imamoglu, & Senturk, 2011) 
Vinegar 3.30 ± 0.11 µg L-1 (Abbasi & Bahiraei, 2012) 
Edible animal oils (cattle, 
fish) 
Below detection limit (Lin, Jiang, Sahayam, & 
Huang, 2016) 






Salix arctica (Salicaceae)) 
0.09-0.59 mg kg-1 (Panichev, Mandiwana, 
Kataeva, & Siebert, 2005) 
Fish, white cheese, cow 
meat, black tea, boiled 
wheat 
Below detection limit (Uluozlu, Tuzen, & Soylak, 
2009) 
Apple, parsley, wheat, 
marrow, quince 
Below detection limit (Çimen, Tokalio lu, erife, 
Özentürk, & Soykan, 2013) 
 
